Carbon fiber-reinforced plastic (CFRP) laminates with initially cut fibers (ICFs) have good formability without large degradation of static strength; however, their fatigue behavior has not been investigated thus far. In this paper, we investigated fatigue behavior and damage progress of open-holed CFRP laminates with ICFs having interlayers. Three types of CFRP laminates were employed: a laminate without ICF fabricated using an autoclave (Continuous-A), a laminate with ICF fabricated using an autoclave (ICF-A) and a laminate with ICF fabricated using press molding (ICF-P).
Introduction
Recently, carbon fiber-reinforced plastics (CFRPs) have been widely applied to primary structural components of aircraft and automobiles because of their contribution to higher fuel efficiency and lower emission of CO 2 . Such structural components often have circular holes for several technical reasons such as joining, weight reduction and functional needs. In addition, these components are frequently subjected to cyclic loads and vibrations, which may cause degradation of structural integrity because of fatigue damage.
In particular, for design requirements and functional needs, an automobile is composed of many complexly shaped components. It is quite difficult to fabricate such components using only conventional CFRP prepreg with continuous fiber owing to its poor formability. In contrast, discontinuous fiber-reinforced plastics fabricated by sheet molding compound (SMC) or injection molding have already been used as automotive parts since they have good molding flowability. However, their strength is much lower than that of composites reinforced with continuous fiber. Therefore, a new material, called unidirectionally arrayed chopped strands, was developed by Taketa et al. [1] by introducing initially cut fibers (ICFs) into CFRP prepreg. The strength and uniformity of layer structure of the ICF laminate were found to be superior to SMCs.
Several experimental results have been reported on ICF laminates thus far. In the subsequent paper by Taketa et al. [2] , the effects of interlaminar toughening on suppression of delamination in ICF laminates were experimentally studied. Yashiro & Ogi [3] investigated the effects of ICFs on fracture behavior in CFRP cross-ply laminates, having alternate or identical ICF angle ±θ in the 0˚ plies. Next, Taketa et al. [4] proposed a technique for enhancing strength and uniformity of layer structure in ICF laminates by introducing ICFs with small angles for the fiber direction. Furthermore, Taketa et al. [5] also investigated mechanical properties of ICF laminates for the application as structural material for complex geometry. They found that the ICF laminates maintain high mechanical properties after forming to complex shapes. Li et al. [6] proposed two newly designed ICF prepregs with discontinuous staggered angled ICFs and discontinuous bi-angled ICFs. Li et al. [7] also studied the damage progression in three kinds of ICF quasi-isotropic (QI) laminates under tension by finite element simulation based on a multiscale analysis.
Meanwhile, numerous studies have been performed on fatigue behavior of various kinds of open-holed CFRP composites under a variety of loading conditions. O'Higgins et al. [8] studied the open hole tension (OHT) characteristics of CFRP and glass fiber reinforced plastic (GFRP). Mall et al. [9] investigated the tension-compression fatigue behavior of unnotched and notched carbon/epoxy composites manufactured using the H-VaRTM (heated vacuum-assisted resin transfer molding). Yashiro and Okabe [10] studied fatigue damage identification in open-holed CFRP laminates by using embedded fiber Bragg grating (FBG) sensors. Kawai and Shiratsuchi [11] investigated the effect of notch on fatigue behavior of CFRP laminates with different stacking configurations. More recently, Fujita et al. [12] investigated mechanical properties such as com- were measured for the above three laminates. Second, the internal fatigue damage progress was observed using optical microscopy and radiography. Finally, the effect of interlayers on fatigue progress was discussed based on the microscopic observation of the damages.
Experimental Procedure
The prepreg used in this study is made of carbon fiber (volume fraction 0.58) and epoxy resin with interlayers, (T800S/#3900-2B, Toray Industries). This prepreg system contains about 30 µm thick interlayers including tough thermoplastic particles on the 150 μm thick base CFRP layer. A micrograph on the cross-section of the laminate is presented in Figure 1 .
In this study, we made ICF sheets as proposed by Taketa et al. [1] . An automatic cuttingmachine with a special tangential blade was employed to mechanically introduce ICFs into the prepreg. The schematic of the ICF patterns in this study is illustrated in Figure 2 . 1 mm-long staggered ICFs were arrayed at an interval of 25 mm in the fiber direction. Two types of ICF laminates with an ICF angle θ of 22.5˚ were fabricated by using the autoclave method (ICF-A) and press molding method (ICF-P). The ICF plies were prepared by cutting 300 mm and 250 mm square prepreg sheets for the ICF-A and OHT specimens were then cut out from laminates according to the ASTM standard (D5766). The dimensions and geometry of OHT specimens are shown in Figure 4 . The specimen is 304 mm long and 38 mm wide. A 6.3 mm diameter hole was made at the center of the specimen by using a drilling machine. No end tabs were bonded on the specimen because fracture did not occur near the grip area. Table 1 summarizes the stacking sequence, the thickness and static tensile strength of the Continuous-A, ICF-A and ICF-P OHT specimens.
The tensile fatigue tests were conducted at a room temperature with a sinusoidal waveform under a load-control condition using a hydraulic testing machine (8516 INSTRON). All the tests were performed at a stress ratio of 0.1 and at a frequency of 3
Hz. The maximum stress σ max was varied between 60% and 95% of the static tensile ) before final failure. The internal damage progress during the fatigue test was observed using transmissive radiography (SOFTEX M-100) with the aid of zinc iodide as a contrast medium. The projected internal damage area was then quantitatively measured using commercial imaging software. Figure 9 . This is mainly due to a lot of cracks propagating from the splitting cracks in the longitudinal ply. Comparing both ICF laminates, the crack density in the ICF-P laminate is smaller than that in the ICF-A laminate since the ply is thinner in the ICF-P laminate. On the other hand, the delamination area is comparable in the three laminates.
Results and Discussion

S-N Curves
Damage Progress
Second, at N of 10 4 , the transverse cracks from the both free edges propagated and were connected with each other across the width of the specimens. In the ICF-A laminate ( Figure 7 ), a lot of cracks were newly generated from ICFs existing not only around the hole but also away from the hole. Consequently, the crack density in the ICF-A laminate is the largest among the three laminates. In contrast, the crack density and delamination area are the smallest in the ICF-P laminate.
Third, at N of 10
5
, the density and length of cracks increase rapidly, especially in the Continuous-A and ICF-A laminates ( Figure 9 ). The delamination propagating around the hole in the Continuous-A and ICF-A laminates are more remarkable than that in the ICF-P laminateas shown in Figure 10 . As a result, the ICF-P laminate shows the smallest damage growth among the three laminates. This is because the initiation and propagation of matrix cracking are suppressed as the ply becomes thinner. In addition, the area of the cracking and delamination is limited near the hole roots as shown in Figure 8(a) ). On the other hand, the damage progress in the ICF-A ( Figure 7 ) and ICF-P laminates (Figure 8 ) are summarized as follows: 1) Transverse cracks independent of ICFs occur in the 90˚ and ±45˚ plies. 2) New cracks extend from the tips of ICFs only in the ICF-A laminate. 3) Adjacent transverse cracks are connected with each other through the ply interfaces. 4) Delamination is generated and extends at the ply interfaces. In particular, the delamination occurs at the ply interfaces near ICFs at the early stage of cycles (arrows B). From the above schematics, it is found that the delamination in the Continuous-A laminate is more prominent than that in the ICF-A laminate. Contrarily, relatively small delamination locally extends around the hole in the ICF-P laminate ( Figure  8(d) ). It is revealed that matrix cracks are relatively difficult to propagate in the ICF-P laminate with thinner plies.
The final fracture behavior for the three types of laminates are schematically shown in Figure 11 . All the specimens exhibit a brittle fracture manner. In the Continuous-A laminate, the delamination at the interface between the 45˚ and 0˚ plies dominates the Figure 11 . Schematics of final fracture behavior of the three OHT specimens.
final failure. The splitting cracks generated from the hole roots in the 0˚ plies propagate along the specimen length to induce the delamination, which causes full peel-off of the plies at the 0˚/−45˚ interfaces. The delamination starting from the hole propagates in the loading (longitudinal) direction and reaches both ends of the specimen at the final failure stage. In contrast, in the both ICF laminates, the final fracture mode is fiber breakage around the hole, although free-edge delamination is more remarkable in the ICF-A laminate. In addition, the damages including delamination and fiber breakage in the both ICF laminates tend to extend in the transverse direction rather than in the longitudinal direction. The propagation behavior of the splitting cracks in the 0˚ plies in the Continuous-A, ICF-A, and ICF-P laminates is illustrated in Figure 12 . The ICFs hinder propagation of the splitting cracks in the ICF laminates and induce the crack deflection (Figure 12 (b) and Figure 12(c) ). Consequently, the splitting cracks initiated around the hole in the ICF laminates (Figure 7 (a) and Figure 8(a) )are shorter than those in the Continuous-A laminate (Figure 6(a) ). In addition, multiple splitting cracks are only generated in the ICF-P laminate (Figure 12(c) ). where the intact ligament width becomes smaller by the connection of ICFs. In addition, comparing the present result with the result of static tensile test for the similar OHT specimens [12] , it is found that the delamination is more predominant in the fatigue failure. This is presumably because the fatigue delamination propagation occurs during cyclic loading. 
The Effect of Interlayers
Conclusions
The fatigue behavior and damage progress in open-holed CFRP laminates with ICF toughened with interlayers are presented. From the experimental results, the following conclusions are derived:
1) The fatigue strength of the Continuous-A laminate is the highest among the three laminates. The decrease ratio of fatigue strength at N of 10 6 is only 5% of its static strength.
2) The fatigue strength of the ICF-P laminate is higher than that of the ICF-A laminate. However, the decrease ratio of fatigue strength at N of 10 6 is about 30% of its static strength, which is almost the same in the both ICF laminates.
3) The degree of damage in the ICF-P laminate is the smallest among the three laminates while the increase rate of the crack density is the greatest in the ICF-A laminate with thicker plies.
4) The damage propagation direction around the hole in the Continuous-A laminate is rather longitudinal while that in the both ICF laminates is transverse.
5) The interlayer acts as a crack arrestor for fatigue crack propagation even near the 
